Abstract In wastewater treatment plants with anaerobic sludge digestion, 15-20% of the nitrogen load is recirculated to the main stream with the return liquors from dewatering. Separate treatment of this ammonium-rich digester supernatant significantly reduces the nitrogen load of the activated sludge system. Two biological applications are considered for nitrogen elimination: (i) classical autotrophic nitrification/heterotrophic denitrification and (ii) partial nitritation/autotrophic anaerobic ammonium oxidation (anammox). With both applications 85-90% nitrogen removal can be achieved, but there are considerable differences in terms of sustainability and costs. The final gaseous products for heterotrophic denitrification are generally not measured and are assumed to be nitrogen gas (N 2 ). However, significant nitrous oxide (N 2 O) production can occur at elevated nitrite concentrations in the reactor. Denitrification via nitrite instead of nitrate has been promoted in recent years in order to reduce the oxygen and the organic carbon requirements. Obviously this "achievement" turns out to be rather disadvantageous from an overall environmental point of view. On the other hand no unfavorable intermediates are emitted during anaerobic ammonium oxidation. A cost estimate for both applications demonstrates that partial nitritation/anammox is also more economical than classical nitrification/denitrification. Therefore autotrophic nitrogen elimination should be used in future to treat ammonium-rich sludge liquors.
Introduction
Because of increasingly stringent directives for nutrient release into aquatic environments, many wastewater treatment plants are obliged to improve their nitrogen removal performance. Various plants achieve poor nitrogen removal because they were only designed for COD elimination. Consequently, the installed aeration capacity for nitrification as well as the solids retention time are insufficient. In addition, no more than 25% nitrogen removal can be expected without denitrification tanks. As a consequence, although optimized treatment strategies and improved system-control techniques might improve nitrogen elimination, many plants face the prospect of cost-intensive activated sludge-tank extension and the introduction of anoxic zones. These substantial investment costs could be significantly reduced or retarded by separate treatment of the ammonium-rich digester supernatant, an additional ammonium-rich input produced on-site during anaerobic digestion and commonly recirculated to the inlet of the main plant. This wastewater stream contributes only about 1% to the influent water flow but amounts to 15-20% of the nitrogen load.
The sludge liquors are rather warm (30-35°C) and highly concentrated (0.5-1.5 kgNH 4 -Nm -3 ) leading to high specific reaction rates when treated separately. Various reports clearly show that the nitrogen load in the effluent of the main treatment plant can indeed be significantly reduced by separate digester supernatant treatment (van Kempen et al., 2001; Wett and Alex, 2003) . Sludge digester effluent has a very unfavourable COD:N ratio for heterotrophic denitrification and addition of an external carbon source is required. However, a novel microbial process, in which ammonium is converted to nitrogen gas with nitrite as the electron acceptor (van de Graaf et al., 1996) provides completely autotrophic nitrogen removal without external COD addition. As a result ammonium can either be removed by heterotrophic or autotrophic denitrification, but which process should be preferred for full-scale application?
This report gives an overview on some technical applications of autotrophic nitrogen elimination. One of the most promising reactor configurations consists of partial nitritation to produce nitrite in a first reactor followed by anaerobic ammonium oxidation in a second tank. This reactor combination is thereafter compared with classical nitrification/heterotrophic denitrification from an environmental and also from an economical point of view. The presented information will assist engineers and managers of wastewater treatment plants to consider properly the site-specific factors for enhanced nitrogen removal.
Heterotrophic and autotrophic nitrogen elimination: an overview Classical nitrogen elimination: autotrophic nitrification/heterotrophic denitrification Classical nitrogen elimination is generally performed in two sequential steps: oxidation of ammonium over nitrite to nitrate (nitrification) and reduction of the nitrate and nitrite produced to nitrogen gas (denitrification). Alternatively, both biological processes could also be implemented in one reactor under aerobic conditions, a process known as simultaneous nitrification/denitrification (SND). Because denitrification is carried out by heterotrophic organisms in both applications, this report focuses only on the sequential application. Sludge digester effluents have a very unfavourable COD:N ratio for denitrification, and an external carbon source must be added. In addition, the alkalinity of the supernatant is only sufficient for nitrifying approximately 50-60% of the ammonia because two moles of bicarbonate are consumed per mole of ammonia nitrified. For complete nitrification, therefore, alkalinity must be added (e.g. soda, sodium hydrogen, lime) or regained by denitrification (one mole of alkalinity per mole of N denitrified ). Nitrification/denitrification over nitrite instead of nitrate requires only 75% of the aeration energy and 60% of the added COD. It has higher denitrification rates and a lower biomass production (Turk and Mavinic, 1989; Abeling and Seyfried, 1992) than complete nitrification/denitrification. Not all the process conditions which suppress nitrite oxidation are currently understood. A broad range of factors such as pH, temperature, free ammonia (NH 3 ), free nitrous acid (HNO 2 ), free hydroxylamine (NH 2 OH), dissolved oxygen (O 2 ) and sludge retention time (SRT) influence the transient nitrite build-up but acclimation of nitrite-oxidizing bacteria often occurs with time. Therefore, permanent suppression of nitrite oxidation is difficult to maintain. However, it can also be achieved in SBR full-scale applications at elevated temperatures with oxygen and sludge-age control (Wett et al., 1998; Wett, 2001; Fux et al., 2003) or in a continuous-flow reactor without sludge retention as shown for the patented Sharon ® process (van Kempen et al., 2001) .
Nitrogen elimination by partial ammonium oxidation and autotrophic denitrification (partial nitritation/anammox) Anaerobic autotrophic ammonium oxidation was discovered about a decade ago and is carried out by an organism belonging to the order of the Planctomycetales (Strous et al., 1999) . Although the Nitrosomonas species can also oxidize ammonium anaerobically, the term "anaerobic ammonium oxidation" and the abbreviation "anammox" are used exclusively for nitrogen removal by these Planctomycete-like bacteria. Some important physiological parameters such as the maximum specific rate of ammonium consumption (45 ± 5 nmolmg -1 protein min -1 ), the maximum specific growth rate (0.0027 h -1 , doubling time 11 days) and the biomass yield (0.066 ± 0.01 molCmol -1 NH 4 -N) are mentioned in Strous et al. (1998) . This report gives the stoichiometry of anaerobic ammonium oxidation as:
The anammox bacteria obviously grow very slowly and have a low biomass yield. These are the main reasons why this novel process is only used for nitrogen elimination of ammonium-rich wastewaters. To date, no application of this kind has been run in the main stream of a domestic wastewater treatment plant. When sludge supernatant is used as an influent, ammonium is present in abundance but nitrite must first be produced. In biofilm reactors nitritation can be performed by classical ammonia oxidizers in the outer aerobic layers in combination with anaerobic ammonium oxidizers in the deeper parts of the biofilm (Helmer-Madhok et al., 2002; Egli et al., 2003) . Consequently the oxygen concentration is a key control parameter for such an application. Autotrophic nitrogen removal in a single aerated reactor was observed in various experiments at different universities. Because the responsible micro-organisms were originally unknown, this process was termed "Aerobic/anoxic deammonification" at the University of Hanover (Germany), "Oland" at Ghent University (Belgium) and "Canon" at Delft University of Technology (the Netherlands). In the meantime, however, molecular characterization has revealed that the nitrogen deficiencies were in all cases due to bacteria belonging to the order Planctomycetales (van Loosdrecht, personal communication) . The first full-scale application with deliberate autotrophic ammonium elimination in a moving-bed biofilm reactor using Kaldnes ® carriers was put into operation in April 2001 (Jardin et al., 2001) at the wastewater treatment plant (WWTP) of Hattingen (Germany) and first results are given in Cornelius and Rosenwinkel (2002) . Autotrophic nitrogen elimination can also be performed in two reactors in series. Partial nitritation in a first aerobic reactor was successfully combined with anaerobic ammonium oxidation in a second tank (van Dongen et al., 2001; Fux et al., 2002) . With this reactor configuration, the two biological processes can be controlled separately. The first full-scale application was put into operation in summer 2002 at the WWTP in Rotterdam, the Netherlands. Two aspects are essential in the nitritation step. In the first place, the nitrite oxidisers must be continuously suppressed, and secondly the nitrite/ammonium ratio produced must be about 1.3 (Eq. (1)). The production of the appropriate nitrite/ammonium mixture depends on the alkalinity/ammonium ratio in the influent. For oxidation of ammonium to nitrite, two proton equivalents are produced per mole of ammonium converted. Supernatant contains about 1-1.2 times more bicarbonate than ammonium on a molar basis, so about 50-60% of the ammonium will be oxidised to nitrite, resulting in a nitrite/ammonium ratio of about 1-1.5. Stable nitrite production without further oxidation to nitrate is based on the higher growth rate of the ammonium oxidizers at elevated temperatures in comparison with the nitrite-oxidizing bacteria. The aerobic sludge retention time must be kept as short as possible and is either controlled by the hydraulic retention time (HRT) in continuous operation (Sharon ® process) or by excess sludge removal as in SBR mode. Due to biomass retention, the reactor volume is significantly reduced in SBR mode. The combination of partial nitritation with subsequent anaerobic ammonium oxidation in two reactors in series proved to be very efficient for nitrogen elimination and the following considerations for autotrophic nitrogen removal will be based on this reactor combination.
Design parameters Classical nitrogen elimination
Nitrification with subsequent denitrification can be implemented in a single SBR. The required size of the reactor depends on the influent nitrogen load, the nitrification and denitrification rates, the reactor temperature and the sedimentation properties. An average nitrification rate of 1.2-1.4 kgNm -3 d -1 at 32-37°C was reported for two full-scale plants (Wett et al., 1998; Fux et al., 2003) . Denitrification is generally running under COD limitation, but nevertheless high nitrogen removal rates up to 2.2 kgNm -3 d -1 (32-37°C) are achieved (Fux et al., 2003a) . Considering a sludge liquor ammonium concentration of 1,000 gNH 4 -Nm -3 a total HRT of 1.6 d (aerobic 0.8 d, anoxic 0.5 d and 0.3 d for sedimentation/withdrawal) is therefore sufficient for 90% nitrogen elimination at 35°C.
Partial nitritation/anammox
In this report autotrophic nitrogen elimination is considered to take place in two reactors in series. Rather high nitrite production rates (> 2.0 kg NO 2 -Nm -3 d -1 , 30°C) were achieved at a pilot-scale SBR (Fux, 2003b) , resulting in a HRT of 0.3-0.6 d (depending on the ammonium concentration in the influent). The minimal long-term HRT for anaerobic ammonium oxidation in an SBR was in the range 0.5-1.0 d at 30°C (Fux, 2003b) . According to Eq. (1), nitrate is produced from nitrite to generate reducing equivalents for CO 2 fixation (van de Graaf et al., 1996) . However, heterotrophic denitrification in the anammox reactor meant that the nitrate load produced was always below 5% of the total nitrogen load in the inlet to the pilot plant. Apart from the specific anaerobic ammonium oxidation rate, the required reactor size is even more dependent on successful biomass retention. Given a sludge age of two months, an HRT of 1 d is appropriate for full-scale SBR design with suspended biomass at 30-35°C. Consequently the total required reactor volume is rather similar to the one needed for nitrification/denitrification.
Comparison
Nitrification/denitrification takes place in a single basin with fewer pumps, pipes and sensors. The construction of a single larger reactor is generally cheaper than two smaller tanks of approximately the same total size. Whether a preceding buffer tank is needed or not depends mainly on the operation of the sludge dewatering facilities at the main plant. However, the sludge liquors should be kept as warm as possible for partial nitritation/ anammox in order to take advantage of the higher growth rate of ammonium oxidizers compared with nitrite oxidizers for stable nitrite production. Therefore, an insulated buffer tank could be needed. Classical nitrogen elimination basically requires a more powerful aeration system for comprehensive ammonium oxidation. However, the specific oxygen consumption rate for ammonium oxidation is considerable and should not be underestimated in either application. At a specific nitrite production rate of 2 kgNm -3 d -1 , the specific oxygenation capacity under operational conditions amounts to approximately 7 kgO 2 m -3 d -1 . Also, depending on the mass transfer coefficient for sludge liquors, the HRT in SBR applications can easily become limited by the aeration capacity needed and not only by the amount of nitrifying biomass available or its sludge sedimentation properties. Organic carbon must be added for heterotrophic denitrification, therefore a dosing system including a storage tank must be planned. No organic carbon source is used in the anammox process, but the pH must be controlled at about 8.0 by acid addition. Because the amount of acid needed is quite low (approximately 0.1 molHClmol -1 NH 4 -N removed in the anammox reactor), this installation can be kept quite small.
Environmental considerations
Autotrophic nitrogen elimination is far more sustainable than classical nitrification/denitrification as shown in Figure 1 . Partial nitritation/anammox allows over 50-60% of the oxygen to be saved and no organic carbon source is needed. The biomass yield is very low (autotrophic organisms) so that little sludge must be disposed of. In addition carbon dioxide (CO 2 ) is consumed for biomass growth whereas more than half of the added organic carbon is oxidized to CO 2 during heterotrophic denitrification. Figure 1 is based on a very important assumption which is often not fulfilled in practice: the final gaseous product for both applications is considered to be nitrogen gas (N 2 ). However, heterotrophic denitrification comprises the reduction of nitrate or nitrite to nitrogen gas via the intermediates nitric oxide (NO) and nitrous oxide (N 2 O). The release of any of these gaseous intermediates is of great environmental concern (greenhouse gas, ozone depletion). Stüven and Bock (2001) concluded on the basis of pilot and laboratory plants operated with sludge liquors that NO x release during heterotrophic denitrification is not a significant source of atmospheric pollution in industrial areas. However the release of nitrous oxide is very likely, particularly when denitrification is run via nitrite. Zeng et al. (2003) clearly demonstrated for an activated sludge system that N 2 O instead of N 2 was produced as long as the nitrite concentration was higher than 5 gNO 2 -Nm -3 . The nitrite concentration after the aerobic period in an SBR depends on the exchange volume per cycle, but can easily reach 100-200 gNO 2 -Nm -3 . Nitrous oxide production is further indicated by very low organic carbon requirements (Abeling and Seyfried, 1992; Fux et al., 2003) as N 2 O is the more oxidised component than N 2 . In addition N 2 O is known to inhibit overall denitrification, which could also be a reason for temporary poor denitrification rates observed at the full-scale plant in Berne (Switzerland). Further investigation is currently carried out in order to reduce nitrous oxide emission via heterotrophic denitrification.
Neither nitric oxide nor nitrous oxide is an intermediate in anaerobic ammonium oxidation. Consequently, negligible amounts of NO or N 2 O were detected in the off-gas (Strous, 2000; Wyffels et al., 2003) . Regarding the resources required (Figure 1 ) and the gases produced (N 2 and no CO 2 ) autotrophic nitrogen elimination via partial nitritation/anammox is definitely the preferred application from an environmental point of view. A generally valid cost analysis does not exist and site-specific factors must always be taken into consideration and particularly expenditures for reactor volume might differ considerably. An estimate of costs is presented in Table 1 for "nitrification/denitrification" compared with "partial nitritation/anammox" based on the further assumptions given in the appendix. The new reactor construction is planned for 100,000 population equivalents (p.e.) with 1.5 gNpe -1 . We assumed an ammonium concentration of 1,000 gNH 4 -Nm -3 in the sludge liquor, resulting in 150 m 3 d -1 . The nitrogen elimination efficiency is assumed to be 85%. The total required reactor size including a preceding buffer tank (HRT = 0.5 d) amounts to 260-280 m 3 for both applications. The cost evaluation shows that partial nitritation/anammox is always more economical than nitrification/denitrification (even if nitrite is the intermediate product and all electron donors are obtained free of charge). The overall costs estimated for a full-scale plant are 2.5 €kg -1 N removed for partial nitritation/anammox, and 3.0-4.0 €kg -1 N removed for the nitrification/denitrification alternative. Conventional extension of the activated sludge system consisting of introducing nitrification and providing additional anaerobic volume for denitrification amounts to 8.0 €kg -1 N removed (BUWAL, 1996) . However, the specific operational costs for separate treatment would increase dramatically the overall cost for small WWTPs.
The calculated investment costs are similar, with minor advantages for the new process. The operational costs for heterotrophic denitrification are heavily dependent on the biomass yield (Y), the electron acceptor (nitrite or nitrate) and the costs for the external carbon source. The biomass yield was varied from 0.2-0.4 gCOD biomass g -1 COD dosed (Siegrist, 1996; Fux et al., 2003) . In this calculation, the costs for methanol were assumed to be 0.2 €kg -1 , but prices have ranged between 0.05-0.5 €kg -1 in recent years, thus influencing the overall cost balance for nitrification/denitrification by another ± 10%. However, the expenditures for organic carbon could be circumvented or reduced by the use of an industrial waste product which is biologically degradable. The acid addition is not a major cost factor in anaerobic ammonium oxidation and autotrophic bacteria produce negligible amounts of sludge. The energy costs are mainly accounted for by aeration. In the nitritation/anammox process, about half of the ammonium must be oxidized, but only to nitrite. However, moderate savings are achieved as long as electricity remains at its currently cheap level (0.1 €kWh -1 ). Both applications are automated, but a half-time position will be needed for general monitoring, sensor control, sample analysis and for replenishing the methanol and acid as necessary. Maintenance will consequently account for about 30% of the total costs. 
Conclusions
Separate biological treatment of sludge digester liquids either with nitrification/denitrification or partial nitritation/anammox is feasible with 85-90% nitrogen removal (Fux, 2003) . Classical nitrification/denitrification is an established biological process which can easily be planned and realized by specialized engineering companies. However, little practical experience is available for the anammox process, and this also leads to a certain caution and reluctance in constructing the first full-scale applications. The reported maximum specific growth rate for the anammox bacteria is rather low and little biomass is produced. Therefore the anammox biomass must be carefully enriched by feeding with ammoniumnitrite containing effluent from the nitritation reactor. This start-up period is not yet demonstrated at full scale and will take a couple of months even under favourable conditions. However as soon as stable operation is (finally) achieved, partial nitritation/ anammox offers remarkable advantages as already shown at laboratory and pilot plant:
• No nitrous oxide (N 2 O) and no carbon dioxide (CO 2 ) production.
• No organic carbon source needed and therefore less excess sludge production.
• Reduced oxygen demand for partial ammonium oxidation to nitrite.
• Reduced operational costs. Further investigation must be carried out in order to prevent N 2 O production during heterotrophic denitrification. It is unacceptable from an overall environmental point of view to produce such a highly effective greenhouse gas, although nitrogen is successfully removed from the wastewater. Due to the sustainable nature and consequently low operational costs, anaerobic ammonium oxidation will be the future process of choice for the treatment of ammonium-rich sludge liquors.
